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Key points:  
 Experimental analysis of pressure and temperature effects observed by ground muon 
detectors in relation to cutoff rigidity and zenith angle;  
 The best correlation was found when considering product between cutoff rigidity and 
zenith angle secant (pressure) or cosine (temperature); 
 The temperature effect only shows a global trend if a relationship with the sine of each 
detector’s geographic latitude is included.  
Abstract: Cosmic rays are charged particles whose flux observed at Earth shows temporal 
variations related to space weather phenomena and may be an important tool to study them. 
The cosmic ray intensity recorded with ground-based detectors also shows temporal variations 
arising from atmospheric variations. In the case of muon detectors, the main atmospheric 
effects are related to pressure and temperature changes. In this work, we analyze both effects 
using data recorded by the Global Muon Detector Network (GMDN), consisting of four 
multidirectional muon detectors at different locations, in the period between 2007 and 2016. 
For each GMDN directional channel, we obtain coefficients that describe the pressure and 
temperature effects. We then analyze how these coefficients can be related to the geomagnetic 
cutoff rigidity and zenith angle associated with cosmic-ray particles observed by each channel. 
In the pressure effect analysis, we found that the observed barometric coefficients show a very 
clear logarithmic correlation with the cutoff rigidity divided by the zenith angle cosine. On the 
other hand, the temperature coefficients show a good logarithmic correlation with the product 
of the cutoff and zenith angle cosine after adding a term proportional to the sine of geographical 
latitude of the observation site. This additional term implies that the temperature effect 
measured in the northern hemisphere detectors is stronger than that observed in the southern 
hemisphere. The physical origin of this term and of the good correlations found in this analysis 
should be studied in detail in future works.  
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1 - Introduction 
Cosmic rays are charged particles (mostly protons) with energies from MeV to ZeV (1021 eV) that 
hit Earth's atmosphere almost isotropically. Particles with energies up to a few tens of GeV move 
in the interplanetary medium responding to the dynamic and magnetic variations of the solar 
wind plasma (Moraal, 2013). In this way, when observing these particles, we can notice temporal 
variations of cosmic ray intensity related to solar and interplanetary phenomena (Bazilevskaya, 
2000; Kudela, 2009). Many studies have been done about long-term variations related to the 11 
and 22 year solar cycles and short-term variations related to solar/interplanetary phenomena 
as Solar Energetic Particles Events, Coronal Mass Ejections and High-Speed Solar Wind Streams 
(Cane, 2000; Ryan et al., 2000; Singh and Badruddin, 2007; Potgieter, 2013). Beyond increasing 
knowledge about high-energy particles and space plasma physics, analysis of relations between 
cosmic ray intensity variations and solar/interplanetary phenomena can help developing space 
weather forecast and monitoring tools (Munakata et al., 2000; Belov at al., 2003; 
Leerungnavarat et al., 2003; Kudela and Storini, 2006; Rockenbach et al. 2014; Dorman, 2012; 
Papailiou et al., 2012).  
Besides the extra-terrestrial influences, Earth’s magnetic field and atmosphere can also affect 
the cosmic ray intensity observed at ground level. When primary cosmic rays in space approach 
Earth, they interact with the geomagnetic field. Depending on their rigidity, their trajectories are 
more or less deflected by this field. In this way, knowing the geomagnetic field configuration, 
we can calculate the geomagnetic cutoff rigidity, which corresponds to the minimum rigidity of 
primary particles that can arrive at a given location on the Earth's surface and from a given 
direction (Smart et al. 2000, Herbst et al. 2013). After the interaction with the geomagnetic field, 
primary cosmic rays that continue moving towards Earth’s surface will interact with atmospheric 
nuclei generating secondary particles including muons and neutrons (Grieder, 2001). Therefore, 
when measuring the cosmic ray intensity at ground, we observe temporal variations related to 
time changes in some atmospheric parameters (Dorman, 2004). The way in which this occurs 
depends on the kind of secondary particle we are observing. In the case of muon detectors, the 
main atmospheric influences on the measured cosmic ray intensity are related to variations of 
the atmospheric pressure and temperature (Sagisaka, 1986).  
The barometric effect is observed as an anticorrelation between variations of the cosmic ray 
intensity and of the ground-level atmospheric pressure. This effect is more noticeable when low-
pressure atmospheric events (such as tropical cyclones) pass the observation site. In these 
situations, we observe a clear cosmic ray intensity increase during the atmospheric pressure 
decrease. A good example of this kind of event is given in Figure 17 of Mendonça et al. (2016a). 
A simple explanation for this is an absorption through energy loss, dependent on the mass of 
atmosphere traversed. As this parameter can be related to the atmospheric pressure at a given 
altitude, we can say that the higher the atmospheric pressure, the higher the probability of a 
secondary cosmic ray particle being absorbed before reaching the ground. In addition to this 
absorption process, it is also expected that a pressure effect directly influences muon generation 
and decay in the atmosphere (Sagisaka, 1986).  
The temperature effect, in turn, is also related to these two processes. For muons case, we 
expect a direct influence in their generation process and an indirect influence on their decay 
before reaching the ground. Muons are generated mainly by pion and kaon decay whose 
probability is directly proportional to the atmospheric temperature. The higher the 
temperature, the lower the atmospheric pion and kaon absorption that implies a higher 
generation rate of muons (Duperier, 1951). In this way, the higher the atmospheric temperature, 
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the higher the muon production by this process (Maeda, 1960; Sagisaka, 1986; Dorman, 2004; 
Dmitrieva et al., 2011). However, due to atmospheric expansion occurring in the summer, 
muons have to travel a longer path before reaching ground-level detectors. Therefore, more 
low-energy muons are expected to decay before arriving at ground. On the contrary, during the 
winter, more muons are generated at relatively lower altitude allowing low-energy muons to 
reach the ground. In this way, the temperature effect can be separated in two parts:  one called 
positive and other called negative. When we observe the cosmic ray intensity using a ground-
level muon detector, the negative effect is predominant. Thus, we see a seasonal variation in 
antiphase with the temperature variation measured at the surface (Zazyan et al., 2015; 
Mendonça et al, 2016a; Mendonça et al, 2016b). On the other hand, the positive effect is more 
important on high-energy muon intensity observed by deep underground muon detectors 
whose data shows a seasonal variation in phase with the ground-level temperature (Adamson 
et al., 2010). 
Many works have analyzed the pressure and temperature effects on the observed muon 
intensity through different methods (Ambrosio et al., 1997; Yanchukovskyet al., 2007; Adamson 
et al., 2010; Berkova et al., 2011; Dmitrieva et al., 2011; Tolkacheva et al., 2011; Braga et al., 
2013; Mendonça et al., 2013; Rigozo, 2014; Zazyan et al., 2015; Mendonça et al., 2016; An et al., 
2018; MaghrabI and Almutairi, 2018). By comparing several different methods, Mendonça et al. 
(2016a) found that the Mass-Weighted Method is the best for removing the temperature effect 
from the data recorded in the vertical channel of surface muon detectors. This method best 
reproduced the observed seasonal cosmic ray variation (related to atmospheric temperature 
changes). It also resulted in the highest correlation of the muon detector data corrected for the 
temperature effect with neutron monitor data, which are believed to be almost free of this 
effect.  
The atmospheric pressure and temperature effects are related to the production, absorption 
and decay processes of secondary cosmic rays in the atmosphere. It is expected that the 
contribution from each of these processes depends on energy or rigidity of the secondary 
particles in the atmosphere. In the pressure case, we can say that the higher the energy of 
secondary particles the less they are absorbed by an atmospheric pressure increase, for 
example. In the temperature case, we expect that the negative temperature effect decreases as 
muon energy increases. In other words, low-energy muons are more affected by the 
atmospheric expansion in the summer. More detailed description about the dependence of 
barometric and temperature coefficients on secondary muon energy can be found in Sagisaka 
(1986) and Dorman (2004). As a first approximation, it is expected that higher energy primary 
particles generate higher energy secondary particles. Therefore, a good approximation for 
studying the energy dependence of atmospheric effects is to analyze how each effect is related 
to the geomagnetic cutoff rigidity (𝑅𝐶) of the primary cosmic rays. In the analyses of the 
atmospheric effects in non-vertical directional channels, it is also necessary to consider the 
dependence on the zenith angle (Z) representing the path length in the atmosphere. Using 
neutron monitor data across different stations and by latitude surveys, past studies analyzed 
how barometric coefficient (𝛽) is related to 𝑅𝐶. They found a clear anti-correlation: 𝛽 decreases 
as 𝑅𝐶  increases, i.e., the pressure effect becomes weaker with increasing 𝑅𝐶  (see section 6.9.1 
of Dorman (2014) and references therein). As far we know, however, there are no reports 
analyzing the barometric effect dependency on cutoff rigidity using ground-level muon detector 
data. Likewise, there are no reports about the temperature effect behavior according to this 
parameter. In the case of the Global Muon Detector Network (GMDN), analysis of atmospheric 
effects on non-vertical field of views (i.e., at different zenith angles) were not performed yet. In 
this way, experimental studies of the relation between atmospheric coefficients on muon 
intensity and cutoff rigidity and zenith angle are still awaited to be explored.  
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In this work, we empirically analyzed the pressure and temperature effects on the Global Muon 
Detector Network (GMDN) data recorded between 2007 and 2016 and examine how both are 
related to primary particles cutoff rigidity. As described in Section 2.1, the GMDN observes 
muons arriving from various incident directions that are associated with different primary 
particles geomagnetic cutoff rigidities. Moreover, by using GMDN and temperature data 
described in Section 2.2, we can analyze the pressure and temperature effects on each 
directional channel. Thus, as shown in Section 3.1 and Section 3.2, we compare those 
coefficients with the average geomagnetic cutoff rigidity and the zenith angle associated with 
each GMDN directional channel.  Finally, the summary of results and final remarks are presented 
in Sections 4 and 5, respectively. 
2 – Instrumentation  
The analyses presented in this paper are performed using cosmic ray and atmospheric data 
collected in the period between January 2007 and December 2016. More explicitly, we used: (I) 
the cosmic ray intensity observed in various directional channels of the Global Muon Detector 
Network (GMDN); (II) the ground-level atmospheric pressure measured at each detector site; 
and (III) atmospheric temperature profiles provided by the Global Data Assimilation System 
(GDAS) of the National Center for Environmental Prediction (NCEP).  
2.1 - The Global Muon Detector Network (GMDN)  
Four multidirectional muon detectors compose the GMDN. The oldest one is located at Nagoya 
(NGY) in Japan. It has been operating since early 1970s. The second oldest, which has been 
working since 1992, is at Hobart (HBT) in Australia. The remaining two are located at Sao 
Martinho da Serra (SMS) in Brazil and Kuwait City (KWT) in Kuwait. Both were installed in 2006. 
The prototype GMDN was formed in 2001 when a small SMS detector started operation in 
concert with NGY and HBT. The location and pictures of the four GMDN components are shown 
in Figure 1.  
Figure 1 - Location and pictures of Sao Martinho da Serra (SMS), Kuwait (KWT), Nagoya (NGY) and Hobart (HBT) 
detectors. 
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As illustrated in Figure 2, NGY, HBT and SMS are formed by two horizontal layers of individual 
plastic scintillator detectors vertically separated by 1.73 m. Each of them is composed of: (I) a 
downward viewing photomultiplier tube at the top; and (II) a block of plastic scintillator with 1x1 
m² area and 10 cm thickness located at the bottom. When a particle (red arrow) passes through 
the plastic scintillator, this material emits UV light (yellow symbol) that is converted to an 
electronic pulse by the photomultiplier, which is counted by an electronic system. A 5 cm thick 
lead layer is located below the upper individual detector layer to absorb low-energy background 
radiation. Only muons with energy higher than 300 MeV can pass through one upper individual 
detector and one lower layer detector to produce two-fold coincidence pulses. Comparing which 
upper and lower individual detectors observe a muon in coincidence, NGY, HBT and SMS 
electronic systems record the count rate of muons arriving from different individual incident 
directions. 
As shown in Figure 3, the KWT is composed of four horizontal layers of cylindrical proportional 
counter tubes. Each tube is 5 m long and 10 cm in diameter with a 50 μm thick tungsten anode 
wire along the cylinder axis. In two layers tubes are aligned in the X direction while in the other 
two layers, tubes are orthogonally aligned along the Y direction. The X layers are rotated 32.8° 
anticlockwise from the north geographic direction. The detector consists of two pairs of X and Y 
tubes layers vertically separated by 80 cm. A 5 cm thick lead layer is located above these two 
pairs to absorb low-energy background radiation. In a similar way to the other GMDN detectors, 
KWT electronic system can monitor the cosmic ray intensity in various directional channels by 
identifying which tube in each layer is traversed by a muon.  
In the analysis period of this work, i.e. between January 2007 and December 2016, detection 
areas of GMDN were expanded in several steps, except NGY which has had the same detection 
area of 36 m² since 1970. Until November 2010, HBT had a 9 m² detection area. After that it was 
enlarged to 16 m². The detection area of SMS also increased from 28 m² to 32 m² in September 
2012 and from 32 m² to 36 m² in July 2016. Finally, KWT detection area was increased from 9 
m² to 21.5 m² in April 2015 and to 25 m² in April 2016.  
Figure 2 - Sketch of the Nagoya muon detector. Hobart and Sao Martinho da Serra detectors are similar except for 
the individual scintillators detectors number on each horizontal layer. There are 4x4 in the first and 4x9 individual 
detectors in the second. The red cross in the left shows the detector’s cardinal directions that is aligned to the 
geographic ones in NGY and SMS. Since December 2010, after its enlargement, HBT was rotated about 28° clockwise.  
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Since 2007, GMDN detectors started recording data with a new electronic system described by 
Yassue et al. (2003). NGY, SMS and HBT started monitoring cosmic ray intensities in 121, 105 
and 49 directional channels, respectively. KWT has been monitoring 529 directional channels 
since its installation, but many of them have a large statistical error due to their small detection 
area before 2015. We therefore analyzed data from KWT by grouping 3x3 neighboring channels 
to decrease this error. Thus, the field of view of this detector composes a 7x7 matrix of grouped 
directional channels each with larger detection area, instead of the original 23x23 matrix of 
channels with smaller area.  
Figure 4 shows the color-coded map of hourly muon count rate 1σ error in % calculated for each 
GMDN directional channel. Each panel in this figure represents the field of view of each detector 
in December 2008. Small squares inside each panel represent the directional channels with their 
color indicating the calculated count rate error. The x and y coordinates associated with each 
square define each channel’s field of view direction according to the relative position between 
the upper and lower individual detectors that compose it. While the x-axis is aligned with the 
detector’s cardinal west-east direction, the y-axis is aligned with the detector’s north-south 
direction. For example, the directional channel [-1,3] shows the coincidence detections made by 
Figure 3 - Sketch showing the Kuwait muon detector. After April 2015, the number of X and Y tubes increased to 43 
and 50, respectively.  
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an upper individual detector located “one individual detector” to the west and “three” to the 
north from the lower one whose coincidence detection was made, which is the case shown by 
the red arrow on Figure 2. As already shown on caption of this figure, NGY and SMS cardinal 
directions are aligned with the geographic ones, while HBT cardinal directions are rotated 
clockwise about 28° since December 2010. For KWT, the position of the directional channel is 
given by the relative position between the upper and lower pair of orthogonal tubes instead of 
individual scintillation detector. Moreover, the central square, which is given by the coordinates 
[0,0], represents the vertical directional channel that takes into account only particles that are 
observed by one upper individual detector located exactly above the lower individual detector 
that observed this particle in coincidence. 
It is clear in Figure 4 that very inclined directional channels are associated with larger count rate 
errors. This is partly due to the small number of upper and lower individual detector 
Figure 4 - The 1σ Count Rate Error obtained for each GMDN directional channel. The four boxes, from top to bottom 
and left to right, show respectively Nagoya (NGY), Kuwait (KWT), Hobart (HBT) and Sao Martinho da Serra (SMS) 
data. The colored squares inside each detector box represent the relative standard deviation in percentage 
calculated considering hourly data recorded in December 31, 2008 according the following equation: 100   𝐶𝑟  , 
with  𝐶𝑟  denoting the average count rate in this period. The x and y position indicates the channel [x,y] field of view 
direction with respect to the origin. The dashed yellow line delimits the directional channels with lower error that 
were selected for the analysis shown in this work.  
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combinations that can be used to compose them, i.e., due to their smaller detection area. 
Because of that, we do not use them for the analysis in this work and use only the directional 
channels inside the dashed yellow lines indicated in each panel, which includes only the 
directional channels with count rate error below 1%. Strictly speaking, HBT, KWT and SMS 
detectors did not present the same count rate error in the whole period of analysis due to the 
already mentioned detection area enlargements. As all enlargements were done after 2008, the 
count error of these detectors are smaller than those shown in Figure 4 in the present-day.  
We consider the interaction of primary cosmic ray particles with the geomagnetic field using the 
Smart et al. (2000) model. More information and computational code can be found at the 
Community Coordinated Modeling Center (CCMC) webpage 
(https://ccmc.gsfc.nasa.gov/modelweb/sun/cutoff.html). Using this model, we calculated the 
effective geomagnetic cutoff rigidity (𝑅𝐶) expected for each GMDN directional channel [𝑥, 𝑦] 
used in this work. In this calculation, we consider only a proton's orbit arriving with the zenith 
and azimuth angles corresponding to those that result in the highest effective detection area. 
For example, only muons with 0° zenith angle can hit the whole area of the upper and lower 
individual detectors and be detected in the vertical directional channel. As particle zenith angle 
increases, muons can hit only a fraction of the individual detector's detection area in order to 
form this directional channel. In this way, although the vertical directional channel observes 
particles arriving with zenith angles from 0° to 39°, most of the muons detected in this channel 
arrive with zenith angles close to zero. Similarly, the [0,2] directional channel, for instance, 
observes muons with zenith angle between 30-61 degrees, but the highest effective detection 
area can be only achieved when considering 49°. In the azimuth case, this condition will be 
attained only when considering 0° in the angular range between -27° and 27°. In this way, we 
can use the following equations: 
𝑍 = 𝑡𝑎𝑛−1 (
 𝑥2 + 𝑦2
ℎ
) (1) 
𝐴 = 𝑡𝑎𝑛−1 (
𝑥
𝑦
) (2) 
where 𝑍 and 𝐴 are respectively the zenith and azimuth angles of the directional channel given 
by the position at [𝑥, 𝑦] coordinates in Figure 4 and ℎ is the vertical distance between the upper 
and lower detector layers (1.73 m for NGY, HBT and SMS). For KWT, ℎ is 0.8 m and [𝑥, 𝑦] should 
be multiplied by 0.3 before using them. The values of zenith angle of all GMDN channels used in 
this work are provided in the Supporting Information. 
Besides 𝑍 and 𝐴 values found for each directional channel, we calculate annual values of 
𝑅𝐶  taking into account Definitive Geomagnetic Reference Field (DGRF) coefficients (for 2000, 
2005 and 2010) and IGRF-12 coefficients (for 2015) to calculate the annual main geomagnetic 
field. More information about DGRF and IGRF coefficients and models can be found at the 
International Association of Geomagnetism & Aeronomy (IAGA) webpage 
(https://www.ngdc.noaa.gov/IAGA/vmod/index.html). For the HBT detector, we also consider 
its rotation (azimuth change) after 2010. Finally, from the 10 annual values obtained from 2007 
and 2016, we calculate the average geomagnetic cutoff rigidity for each GMDN directional 
channel  𝑅𝐶 , whose values are shown in Figure 5. In this figure, we can see that  𝑅𝐶  for HBT, 
which is located closer to the South Geomagnetic Pole, is about 10 GV lower than those for other 
detectors. Moreover, it is also seen that directional channels observing particles coming from 
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the East (with x > 0) have higher  𝑅𝐶  than those monitoring particles incident from the West 
(with x < 0). This is related to the well-known geomagnetic East-West effect, which implies fewer 
low-energy cosmic rays (mostly protons with positive charge) can arrive at Earth's surface from 
eastern direction than from western direction. In this way, we observed fewer low-energy 
particles arriving from this direction. In Figure 5, we can clearly see this effect particularly in  𝑅𝐶  
calculated for NGY and SMS. A small East-West Effect is also present in HBT data. For example, 
while an East directional channel at [+2,0] position has  𝑅𝐶  about 2.1±0.1 GV, we found 1.8±0.1 
GV for the corresponding west channel at [-2,0]. The difference between  𝑅𝐶  values at [+2,0] 
and [-2,0] is, on the other hand, larger than 11 GV at NGY.   
Figure 5 - Average Effective Geomagnetic Cutoff Rigidity obtained for the Global Muon Detector Network. The four 
boxes, from top to bottom and left to right show, respectively, Nagoya (NGY), Kuwait (KWT), Hobart (HBT) and Sao 
Martinho da Serra (SMS) data. The colored squares inside each detector box represent the average values obtained 
for each directional channel of this detector. The x and y position indicate the direction of the channel’s field of view 
with respect to the origin in a way that channel [0,0] is the one that observes particles vertically arriving at the 
detector. The black squares indicate directional channels not used in this work. Note that HBT does not have the 
same color table range as used for the remaining detectors. The values used to produce this figure are available in 
the Supporting Information tables. 
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As previously stated, the main purpose of this paper is to study the relation of pressure and 
temperature effects with geomagnetic cutoff rigidity associated with different fields of view. 
Thus, using GMDN data with count rate errors less than 1 %, as shown in Figure 4, we compare 
the relation between  𝑅𝐶  values shown in Figure 5 and the coefficients found for these effects 
when analyzing each directional channel data individually.  
2.2 - Atmospheric Pressure and Temperature Data 
For obtaining these pressure and temperature effects coefficients, we use the ground-level 
atmospheric pressure and the mass-weighted atmospheric temperature at four GMDN sites, 
together with the observed muon data. While we use the ground-level pressure measured at 
each site, we derive the mass-weighted atmospheric temperature from the global 
meteorological data provided by the United States National Oceanic and Atmospheric 
Administration (NOAA). In more detail, we use hourly atmospheric pressure measured by a 
piezoelectric type pressure sensor installed at each GMDN site and the atmospheric 
temperature profiles recorded by the Global Data Assimilation System (GDAS) maintained by 
the NOAA’s Air Resources Laboratory (ARL) webpage (https://www.ready.noaa.gov/gdas1.php).  
The GDAS system compiles many kinds of meteorological observations (such as balloons, ground 
and satellite measurements) each as a function of the 3D location (geographic longitude, 
latitude and altitude) on Earth. In this work, we use 3-hourly atmospheric temperature profiles 
obtained for every 1° by 1° surface grid around each GMDN site and scaled in 24 fixed 
atmospheric pressure levels. Following Mendonça et al. (2016a) results, we adopt the Mass-
Weighted Method to describe the temperature effect. In this way, we compile the atmospheric 
temperature profiles in single variable as shown below: 
𝑇𝑀𝑆𝑆(𝑡) =∑
𝑥𝑙(𝑡) − 𝑥𝑙+1(𝑡)
𝑥0(𝑡)
23
𝑙=0
∗ 𝑇𝑙(𝑡) (3) 
where 𝑇𝑀𝑆𝑆(𝑡) is the atmospheric temperature weighted by air mass at time 𝑡; 𝑥𝑙(𝑡) and 𝑇𝑙(𝑡)  
are, respectively, the atmospheric depth and temperature for the level 𝑙 observed at the same 
time. While 𝑙 = 0 corresponds to the GDAS closest to ground pressure level (1000 hPa), 𝑙 = 23 
corresponds to the highest altitude (20 hPa, about 26.5 km altitude). We assume that the level 
24 is equivalent to top of the atmosphere and that 𝑥24(𝑡) = 0. 
3 - Analysis and Results 
In this section, we describe the analysis of the atmospheric effects on secondary cosmic ray 
muons arriving at observation site with different directions of view. First, we present the study 
about the barometric effect and then about the temperature effect.   
3.1 - Pressure Effect Analysis 
Considering barometric effect theory, see e.g., Sagisaka (1986) or Appendix A of Mendonça et 
al. (2016a), we define the atmospheric pressure effect on the muon count rate, as: 
𝑙𝑛 [
𝐼[𝑥,𝑦](𝑡)
 𝐼[𝑥,𝑦] 
] ∗ 100 % = 𝛽[𝑥,𝑦] ∗ [𝑃(𝑡) −  𝑃 ] (4) 
where 𝐼[𝑥,𝑦](𝑡) is the cosmic ray count rate observed in directional channel at the [𝑥, 𝑦] position 
at time 𝑡; 𝑃(𝑡), given in hPa, is the ground atmospheric pressure measured on the detector site 
at the same time;  𝐼[𝑥,𝑦]  and  𝑃  are both reference values (in this work, the mean values of 
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𝐼[𝑥,𝑦](𝑡) and 𝑃(𝑡) obtained in the period of analysis, respectively); and 𝛽[𝑥,𝑦] is the barometric 
coefficient in %/hPa representing how much the pressure effect influences the observed cosmic 
ray intensity. Hereinafter, the 𝛽[𝑥,𝑦]will only be denoted by 𝛽. 
In this work, we obtained 𝛽 from the linear regression between experimental hourly cosmic-ray 
and atmospheric pressure data. To do so, we need to choose a period of analysis where other 
(solar, interplanetary, geomagnetic and atmospheric) effects are not present or have little 
influence on the cosmic ray intensity observed at ground. Considering this, we calculated the 
barometric coefficient in short periods (one month) to avoid long-term variations not related to 
the pressure effect and only consider months when the pressure effect is significant. In more 
detail, for each detector we only selected the months where the absolute value of the linear 
Pearson correlation coefficient between hourly vertical directional channel and pressure data 
are higher than 0.7. In this way, out of 120 months comprising the total analysis period, 116 
months for HBT, 78 months for NGY, 55 months for SMS and 4 months for KWT were used. 
Finally, we obtained an average barometric coefficient considering only values found in these 
good correlation periods. 
Figure 6 shows the average barometric coefficient obtained for each GMDN directional channel 
( 𝛽 ) used in this work. We can notice that values of  𝛽  found for HBT are lower than those 
found for other detectors. While they are around -0.16 and -0.15 %/hPa, the barometric 
coefficients are between -0.15 and -0.10 %/hPa on NGY, KWT and SMS. Moreover, it is also 
possible to see an East-West asymmetry in  𝛽 . Particularly in HBT, NGY and SMS data, the right 
side (x > 0) of detectors field of view has a lighter color (closer to zero) than the left side. In KWT 
data, we notice better a northwest-southeast asymmetry, i.e., the lower-right channels are 
closer to zero than the upper-left channels. This behavior, which is similar to that observed in 
the cutoff rigidity values (Figure 5), is related to the KWT detector inclination with respect to the 
geographic cardinal directions. As shown in the right corner of Figure 3, the upper-left and lower-
right channels in KWT are respectively closer to the west and east geographic directions (defined 
by the red cross). Lastly, we can notice that although this East-West asymmetry of  𝛽  is also 
present for the HBT detector, it is very small and within the margin of errors. For example,  𝛽  
found for the east directional channel [+2,0] is -0.151 ± 0.006 %/hPa while the value found for 
the channel [-2,0] (i.e., the equivalent channel in the west direction) is -0.154 ± 0.006 %/hPa. 
Besides this east-west asymmetry, in HBT, we also notice a significant variation according to the 
zenith angle of each directional channel field of view. The less inclined (central) channels are 
darker than the more inclined ones (located at borders). In other words,  𝛽  tends to be closer 
to zero as the channels inclinations increases with larger x² + y². Thus, the pressure effect seems 
to be weaker for very inclined directional channels.  
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The East-West asymmetry of average barometric coefficients in Figure 6 resembles that seen in 
averaged geomagnetic cutoff rigidity in Figure 5. A better comparison between both is 
demonstrated in Figure 7 where  𝛽  is shown as a function of  𝑅𝐶 . The vertical error bar of each 
point is deduced from the uncertainty of monthly barometric coefficients used in this average. 
The horizontal error bar, which is smaller than the symbol size in most cases, is deduced from 
the standard deviation of annual values used to calculate  𝑅𝐶 . In this figure, we can clearly see 
that  𝛽  and  𝑅𝐶  seem to have a natural logarithm relation that can be summarized by the black 
curve. This curve is obtained by a linear regression between  𝛽  and 𝑙𝑛( 𝑅𝐶 ). In this case, the 
Pearson Correlation Coefficient (PPC) is higher than 0.9. However, it would be very difficult to 
notice this logarithm relation without HBT data (blue diamonds) since other detectors points 
can be fitted by a linear expression between  𝛽  and  𝑅𝐶 . As we already discussed, HBT 
Figure 6 - Average Barometric coefficients found for the Global Muon Detector Network. The four boxes, from top to 
bottom and left to right, show respectively Nagoya (NGY), Kuwait (KWT), Hobart (HBT) and Sao Martinho da Serra 
(SMS) data. The colored squares inside each detector’s box represent the average values obtained for each directional 
channel of this detector. The x and y position indicate the direction of channel’s field of view with respect to the origin 
in a way that channel [0,0] is the one that observes particles vertically arriving at the detector. The black squares 
indicate directional channels not used in this work. The values used to produce this figure are available in the 
Supporting Information tables. Note that HBT does not have the same color table range as used for the remaining 
detectors.   
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barometric coefficients and cutoff rigidities found for HBT are smaller than those found for KWT, 
NGY and SMS. In this way, when looking all detectors together, we can notice a fast decrease of 
 𝛽  with the decrease of  𝑅𝐶  indicating a logarithm relation between both. 
The barometric coefficients of some channels presented a high uncertainty. In order to better 
analyze the  𝛽  dependency on cutoff rigidity, we chose to focus only on cases where the 
pressure coefficient error is lower than 0.01 %/hPa. As shown in the top box of Figure 8, in this 
situation the total number of points decreases. In this case, we found that the Pearson 
Correlation Coefficient of the linear relation between  𝛽  and 𝑙𝑛( 𝑅𝐶 ) changes from 0.960 
(Figure 7) to 0.974 (Figure 8-A). In addition, we can see a good “linear” alignment when analyzing 
NGY (red triangles), KWT (brown circles) or SMS (green squares) points alone. On the other hand, 
we cannot see that if we consider only the HBT data (blue diamonds). While the natural 
logarithmic between the pressure effect coefficients and cutoff rigidities presents a correlation 
coefficient about 0.9 in the first case, it is about 0.3 in the second. Considering the barometric 
coefficient behavior according to the directional channel field of view inclination on HBT data, 
which was discussed in Figure 6 analysis, we assume that  𝛽  found for a directional channel 
may be also directly related to the zenith angle (Z) of this channel. Since the pressure effect 
coefficients tends towards zero as the channel inclination increases (𝑍 → 90°), we decide to 
analyze the relation between  𝛽  and  𝑅𝐶 𝑐𝑜𝑠(𝑍) . As we can see in the bottom box of Figure 
8, after that, the HBT points set (blue diamonds) shows a very clear “linear” distribution. At the 
same time, NGY and SMS data (red triangles and green squares, respectively) also show good 
alignment on the fitted (black) curve. The correlation coefficient between the barometric 
coefficient and the natural logarithmic of the cutoff rigidity divided by zenith angle cosine is 
0.994 when considering the three detectors data together. Thus, we can say that  𝛽  presents 
better correlation with 𝑙𝑛[ 𝑅𝐶 /𝑐𝑜𝑠(𝑍)] than with 𝑙𝑛( 𝑅𝐶 ).  
Figure 7 - Correlation between the average values of barometric coefficient and effective geomagnetic cutoff rigidity 
associated with each GMDN directional channel. The blue diamonds, brown circles, red triangles and green squares 
show data from Hobart (HBT), Kuwait (KWT), Nagoya (NGY) and Sao Martinho da Serra (SMS) detectors, respectively. 
The vertical and horizontal bars along with each point represent  𝛽  and  𝑅𝐶  uncertainties, which are not considered 
in the black curve calculation. The equation that defines this curve and the Pearson Correlation Coefficient (PPC) 
value found in this case are shown in the top. The values used to produce this figure are available in the Supporting 
Information tables. 
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3.2 - Temperature Effect Analysis 
In this work, as already discussed, we use the Mass-Weighted Method to describe the 
temperature effect on ground muon detectors data. This method considers temperature 
variation in the entire atmosphere through a single coefficient that can be empirically calculated 
according to the following equation: 
𝐼[𝑥,𝑦]
𝐶𝑃 (𝑡) −  𝐼[𝑥,𝑦]
𝐶𝑃  
 𝐼[𝑥,𝑦]
𝐶𝑃  
∗ 100 % = 𝛼[𝑥,𝑦]
𝑀𝑆𝑆 ∗ [𝑇𝑀𝑆𝑆(𝑡) −  𝑇𝑀𝑆𝑆 ] (5) 
Figure 8 - Correlation between the average values of barometric coefficient ( 𝛽 ) and (A) the average geomagnetic 
cutoff rigidity ( 𝑅𝐶 ) and (B) the quotient between  𝑅𝐶  and the zenith angle (𝑍) cosine found for each GMDN 
directional channel. In both boxes, blue diamonds, brown circles, red triangles and green squares show data from 
Hobart (HBT), Kuwait (KWT), Nagoya (NGY) and Sao Martinho da Serra (SMS) detectors, respectively. The vertical 
and horizontal bars along with each point represent  𝛽  and  𝑅𝐶  uncertainties, which are not considered in the 
black curve calculation. The equation that defines this curve and used to calculate the Pearson Correlation Coefficient 
(PPC) value is shown in the top of each box. The values used to produce this figure are available in the Supporting 
Information tables. 
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where 𝐼[𝑥,𝑦]
𝐶𝑃 (𝑡) is the muon count rate corrected for the pressure effect using  𝛽  values shown 
in Figure 6;  𝑇𝑀𝑆𝑆(𝑡) is the mass weighted atmospheric temperature in K;  𝐼[𝑥,𝑦]
𝐶𝑃   and  𝑇𝑀𝑆𝑆  are 
the mean values of 𝐼[𝑥,𝑦]
𝐶𝑃 (𝑡) and 𝑇𝑀𝑆𝑆(𝑡) in the period of analysis; and 𝛼[𝑥,𝑦]
𝑀𝑆𝑆  is the mass 
weighted temperature coefficient in %/K. Hereinafter, the 𝛼[𝑥,𝑦]
𝑀𝑆𝑆  will only be denoted as 𝛼𝑀𝑆𝑆.  
We calculate 𝛼𝑀𝑆𝑆 through a linear regression between 𝐼[𝑥,𝑦]
𝐶𝑃 (𝑡) and 𝑇𝑀𝑆𝑆(𝑡) over a one-year 
period. Since the dominant variation of the temperature is the seasonal variation, a one-year 
time window covers its maximum and minimum periods (i.e. a whole cycle). In this way, we can 
calculate 𝛼𝑀𝑆𝑆 from one year of data, avoiding strong influences of long-term modulation of 
cosmic rays related to solar activity.  
Thus, using GMDN and GDAS data recorded between January 2007 and December 2016, we first 
obtain ten annual values of 𝛼𝑀𝑆𝑆. Similarly to what we have done in the barometric effect 
analysis, we calculate an average of the temperature effect using only 𝛼𝑀𝑆𝑆 obtained in periods 
when there is a good correlation between 𝐼[0,0]
𝐶𝑃 (𝑡) and 𝑇𝑀𝑆𝑆(𝑡). Explaining in more detail, if the 
PCC is below 0.7 in a chosen one-year period and detector, we discard 𝛼𝑀𝑆𝑆 obtained for all 
directional channels of this detector in this year. In this way, from the total ten periods which 
we have, only eight and five years are used for deriving 𝛼𝑀𝑆𝑆 for HBT and SMS, respectively, 
while no year is discarded for deriving 𝛼𝑀𝑆𝑆 for NGY and KWT. 
Figure 9 shows mass weighted temperature coefficients average values found for each GMDN 
directional channel considering only the selected years. In this figure, it is seen that  𝛼𝑀𝑆𝑆  for 
the four detectors are quite different from each other. Temperature coefficients found for NGY 
and HBT are below -0.23 %/K, while  𝛼𝑀𝑆𝑆  for KWT are mainly between -0.25 and -0.22 %/K. 
Finally, they are higher than -0.22 %/K for SMS. In this way, we can roughly say that the 
temperature effect seems to be stronger (with larger negative coefficient) for HBT and NGY than 
for KWT and is weakest for SMS.  
In addition to the difference from one detector to another, Figure 9 also shows how  𝛼𝑀𝑆𝑆  
varies according to the [x,y] coordinate of the directional channel. There seems to be a kind of 
east-west asymmetry and a dependence on inclination of each directional channel. As with the 
pressure effect analysis, we can see, mainly in HBT data, a dependency related to inclination of 
the directional channel field of view. On the other hand, contrary to pressure coefficients, 
 𝛼𝑀𝑆𝑆  decreases as the directional channel inclination increases. It is easy to see in the HBT box 
that the border squares have a darker color than the centered (less inclined) ones. It is also 
possible to notice that this change occurs symmetrically in a way that channels whose x and y 
positions applied in the expression x²+y² results in the same value, tending to present similar 
 𝛼𝑀𝑆𝑆 . For example,  𝛼𝑀𝑆𝑆  found for HBT are around -0.25 %/K for pixels with x²+y²=1 
(channels [1,0], [-1,0], [0,1] and [0,-1]), while they are around -0.26 %/K for all pixels with x²+y²= 
2 (for the channels [1,1], [1,-1], [-1,1] and [-1,-1]). This increase of  𝛼𝑀𝑆𝑆  with the channel 
inclination (zenith angle) is harder to see for KWT, NGY and SMS probably because it is obscured 
by the strong east-west asymmetry present in the temperature coefficients found for these 
detectors.  
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A clear east-west asymmetry of  𝛼𝑀𝑆𝑆  is seen for NGY and SMS in Figure 9. For both detectors, 
the coefficients associated with the directional channels pointing to east are closer to zero than 
that found on the equivalent channels pointing to west. In a similar way, besides the strong 
variation with the inclination, we can also see that HBT channels on the right side tend to present 
a lighter color than their equivalent channel on the left side. For the KWT detector, we can also 
observe an asymmetry that is more visible when comparing the directional channels looking to 
Northwest with those looking to Southeast. While the temperature coefficients of the first group 
are lower than -0.24 %/K (have a darker color), those of the second group are higher than that 
value (have a lighter color). As previously mentioned, the KWT detector, different from NGY and 
SMS, is not exactly aligned to the geographic directions. As shown in the right corner of Figure 
3, the upper-left and lower-right channels in KWT are respectively closer to the west and east 
Figure 9 - Mass weighted temperature coefficients found for the Global Muon Detector Network. The four boxes, 
from top to bottom and left to right, show respectively Nagoya (NGY), Kuwait (KWT), Hobart (HBT) and Sao Martinho 
da Serra (SMS) data. The colored squares inside each detector’s box represent the average values obtained for each 
directional channel of this detector. The x and y position indicates the direction of channel’s field of view with respect 
to the origin in a way that channel [0,0] is the one that observes particles vertically arriving at the detector. The black 
squares indicate directional channels not used in this work. The values used to produce this figure are available in 
the Supporting Information tables. Note that each detector has a different color table range. 
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geographic directions (defined by the red cross). As shown in Figure 5, an asymmetry between 
these two regions can be also seen on average cutoff rigidities found for KWT detector. We can 
also see in this figure that  𝑅𝐶  found for NGY and SMS shows a pronounced east-west difference 
like that observed in  𝛼𝑀𝑆𝑆  for these detectors. For HBT, the east-west asymmetry of  𝑅𝐶  in 
Figure 5 looks different from that seen in Figure 9 due to the strong variation of  𝛼𝑀𝑆𝑆  with the 
directional channel inclination.  
Figure 10 shows a better comparison between mass-weighted temperature coefficients and the 
geomagnetic cutoff rigidity associated with each GMDN directional channel. In this figure, only 
 𝛼𝑀𝑆𝑆  points that have errors lower than 0.015%/K are shown and it is possible to see that 
there are multiple relations between  𝛼𝑀𝑆𝑆  and  𝑅𝐶 . As shown by the dashed curves, these 
two variables present a different linear relationship for each detector. We can see that the 
slopes of the linear relations found for SMS (green), NGY (red) and KWT (brown) are quite 
similar. It seems that the values of  𝛼𝑀𝑆𝑆  for these detectors are separated from each other by 
an offset which seems to be independent of  𝑅𝐶  and 𝑍. On the other hand, the linear curve for 
HBT (blue) has a slope very different from other detectors. As already discussed, HBT has a 
unique feature in the GMDN. Its directional channels are associated with a cutoff rigidity range 
that is about 10 GV lower than the range covered by KWT, NGY and SMS detectors (see Figure 
5). Moreover, only  𝛼𝑀𝑆𝑆  for HBT shows a clear variation with zenith angle instead of the east-
west asymmetry (see Figure 9).  
As happened in the pressure effect analysis, the correlation between  𝛼𝑀𝑆𝑆  and  𝑅𝐶  associated 
with HBT directional channels is significantly improved by taking into account a dependence on 
the zenith angle of each channel. However, different to the pressure case, we need to consider 
Figure 10 - Correlation between the average values of mass weighted temperature coefficients ( 𝛼𝑀𝑆𝑆 ) and the 
average geomagnetic cutoff rigidity ( 𝑅𝐶 ) found for the GMDN. The blue diamonds, brown circles, red triangles and 
green squares show data from Hobart (HBT), Kuwait (KWT), Nagoya (NGY) and Sao Martinho da Serra (SMS) 
detectors, respectively. The dashed blue, brown, red and green lines show linear correlations found using data with 
the same color. The equations that define each dashed line and their respective Pearson Correlation Coefficients 
(PPC) are displayed at the top of the plot. The vertical and horizontal bars along with each point represent the 
uncertainties associated with  𝛼𝑀𝑆𝑆  and  𝑅𝐶 , which are not considered in dashed curves calculation. Only  𝛼
𝑀𝑆𝑆  
points that have errors lower than 0.015%/K are shown. The values used to produce this figure are available in the 
Supporting Information tables. 
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a proportional relation between  𝛼𝑀𝑆𝑆  and 𝑐𝑜𝑠(𝑍). As shown in Figure 11-A, the set of points 
associated with HBT do not present a clear linear format without considering a relation with the 
zenith angle. The quasi-circular distribution of HBT points results in a Pearson Correlation 
Coefficient about 0.40. If we plot  𝛼𝑀𝑆𝑆  as a linear function of  𝑅𝐶 𝑐𝑜𝑠(𝑍) as shown in Figure 
11-B, the correlation is drastically improved. In this case, PCC increases to 0.88. However, the 
linear regression results (dashed blue lines) are similar when comparing  𝛼𝑀𝑆𝑆  as a function of 
 𝑅𝐶  or  𝑅𝐶 𝑐𝑜𝑠(𝑍). In both cases, the regression constant is close to -0.3 %/K while the 
regression coefficient changes from 0.029 to 0.036 %/(𝐾 ∙ 𝐺𝑉). Moreover, as shown in Figure 
11-C, we find a good linear correlation between  𝛼𝑀𝑆𝑆  and 𝑙𝑛[ 𝑅𝐶 ∗ cos(𝑍)] for HBT. The PCC 
in this case is about 0.89, which is a little higher than that found in Figure 11-B. This result shows 
that  𝛼𝑀𝑆𝑆  found for HBT have a good correlation with both the product  𝑅𝐶 𝑐𝑜𝑠(𝑍) and its 
natural logarithmic. 
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Figure 12 shows the results when analyzing the temperature coefficients relationship with cutoff 
rigidity and zenith angle for all GMDN data. At first glance, we do not see any significant changes 
in the slope of the regression lines obtained for each detector. The lines found for SMS (green), 
NGY (red) and KWT (brown) present similar slopes while HBT (blue) presents a slope about ten 
times larger. The correlation coefficients, on the other hand, are changed from the case in Figure 
10 in a complex way. For KWT and HBT, we find an improvement of PCC while we find PCC 
Figure 11 - Correlation of the average mass weighted temperature coefficient associated with directional channels 
of HBT detector with the average geomagnetic cutoff rigidity ( 𝑅𝐶 ) in panel A and with the product between  𝑅𝐶  
and the zenith angle (𝑍) cosine in panels B and C. The boxes in each panel show the linear regression results and the 
Pearson correlation coefficient (PCC) found in each case. The vertical and horizontal bars along with each point 
represent the uncertainties associated with  𝛼𝑀𝑆𝑆  and  𝑅𝐶 , which are not considered in the dashed curves 
calculation. Only  𝛼𝑀𝑆𝑆  points that have errors lower than 0.015%/K are shown. The values used to produce this 
figure are available in the Supporting Information tables. 
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decreased for SMS and NGY. Particularly for NGY, the PCC is decreased from 0.75 to 0.66, 
although we cannot see significant difference between linear alignments of NGY points (red 
triangles) shown in Figures 10 and 12. On the other hand, we see by eye a very clear difference 
between HBT points (blue diamonds) alignments. As already discussed, the set of points of this 
detector only shown a very clear linear distribution after considering that  𝛼𝑀𝑆𝑆  is related to 
 𝑅𝐶 𝑐𝑜𝑠(𝑍). Moreover, when considering this relation, we found a higher correlation coefficient 
value for all detectors together. The average PCC for all four detectors in this case is about 0.781 
while it is about 0.697 when considering a relation only with  𝑅𝐶 . In this way, we consider that, 
in general, the mass weighted temperature coefficient presents a better relation to the product 
between the effective geomagnetic cutoff rigidity and the cosine of the zenith angle. Finally, it 
is also important to notice that, in this case, HBT and SMS data can be linked. As gray dashed 
curve on Figure 12 shows, the possible natural logarithmic relation found for HBT data seems to 
align with the SMS points set linear distribution. Thus, we can find a natural logarithmic relation 
(black curve) that fits very well HBT and SMS data and links both individual linear relations (blue 
and green dashed lines). We found a Pearson Correlation Coefficient of 0.982 when assuming a 
linear relation between  𝛼𝑀𝑆𝑆  and 𝑙𝑛[ 𝑅𝐶 𝑐𝑜𝑠(𝑍)] obtained for these two detectors. 
Considering that (I) the values of  𝛼𝑀𝑆𝑆  for HBT and SMS can be expressed by a single linear 
function of 𝑙𝑛[ 𝑅𝐶 𝑐𝑜𝑠(𝑍)] and (II) the linear functions for SMS, NGY and KWT detectors have 
similar slopes, we can assume that set of points of the last two are shifted below by some 
unknown effect. It therefore seems that there is an effect changing all values of  𝛼𝑀𝑆𝑆  obtained 
for NGY and KWT in a way that their correlation with  𝑅𝐶 𝑐𝑜𝑠(𝑍) results a smaller linear 
coefficient than that obtained for SMS. 
Figure 12 - Correlation between the average mass weighted temperature coefficient ( 𝛼𝑀𝑆𝑆 ) and the product 
between the average geomagnetic cutoff rigidity ( 𝑅𝐶 ) and the zenith angle (𝑍) cosine associated with GMDN 
directional channels. The top boxes show the linear regression results and the Pearson correlation coefficient (PCC) 
found using data from each detector individually. The vertical and horizontal bars along with each point represent 
the uncertainties associated with  𝛼𝑀𝑆𝑆  and  𝑅𝐶 , which are not taken into account in the dashed curves 
calculation. Only  𝛼𝑀𝑆𝑆  points that have errors lower than 0.015%/K are shown. The values used to produce this 
figure are available in the Supporting Information tables. 
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When correcting this effect, if we add about 0.05 %/K to all  𝛼𝑀𝑆𝑆  determined for KWT and 
NGY, we would have values similar to those found for SMS. Doing this allows, for all four 
detectors,  𝛼𝑀𝑆𝑆  to be expressed by a single linear function of 𝑙𝑛[ 𝑅𝐶 ∗ 𝑐𝑜𝑠(𝑍)]. In this case, 
 𝛼𝑀𝑆𝑆  found for KWT and NGY detector shown in Figure 12 would change from around -0.24 
and -0.26 %/K to -0.19 and -0.21 %/K, respectively, and fit to the continuous black curve. The 
main question is what local aspect of the detectors can be related with these changes.  
As we can see in Figure 1, HBT and SMS detectors, which are not influenced by our hypothetical 
effect, are in the Southern Hemisphere while KWT and NGY (both affected) are in the Northern 
Hemisphere. We thus assume an effect linked to the geographical latitude of detector site and 
consider a hypothetical mass weighted temperature coefficient (𝛿𝑀𝑆𝑆) for each GMDN 
directional channel, given by the following:  
𝛿𝑀𝑆𝑆 =  𝛼𝑀𝑆𝑆 + 𝐾 ∗ 𝑠𝑖𝑛(𝐿𝑎𝑡𝐷) (6) 
where  𝛼𝑀𝑆𝑆  is the average mass weighted temperature coefficient found for each GMDN 
detector, i.e., those shown in Figure 9. 𝐾 is an arbitrary positive constant and 𝐿𝑎𝑡𝐷 is the 
geographical latitude of the detector site. Through this equation, the temperature coefficients 
corrected by our hypothetical “latitude effect” will be higher than those experimentally found 
for KWT and NGY. The opposite occurs for SMS because of their negative value of 𝐿𝑎𝑡𝐷. In this 
way, the corrected values of temperature coefficients (𝛿𝑀𝑆𝑆) found for these detectors tends to 
be similar depending on the value of 𝐾. In order to find this constant value, we consider: 
2 𝛿𝑀𝑆𝑆 𝑆𝑀𝑆 −  𝛿
𝑀𝑆𝑆 𝑁𝐺𝑌 −  𝛿
𝑀𝑆𝑆 𝐾𝑊𝑇 = 0 (7) 
where  𝛿𝑀𝑆𝑆 𝑆𝑀𝑆,  𝛿
𝑀𝑆𝑆 𝑁𝐺𝑌 and  𝛿
𝑀𝑆𝑆 𝐾𝑊𝑇 are the mean hypothetical temperature 
coefficient found for SMS, NGY and KWT detector, respectively. These average values are 
obtained as follows:  
 𝛿𝑀𝑆𝑆 𝐷 =
1
𝑁𝐷:𝑐
∑ 𝛼𝑀𝑆𝑆 𝐷:𝑐
𝑐
+ 𝐾 ∗ 𝑠𝑖𝑛(𝐿𝑎𝑡𝐷) (8) 
where  𝛿𝑀𝑆𝑆 𝐷 is the mean hypothetical temperature coefficient found for the detector “𝐷”; 
𝑁𝐷:𝑐 is the total number of directional channels of this detector;  𝛼
𝑀𝑆𝑆 𝐷:𝑐 is the average mass 
weighted temperature coefficient found for the directional channel “𝑐” of this detector; 𝐾 is the 
arbitrary positive constant that we want to obtain; and 𝐿𝑎𝑡𝐷 is the latitude of detector  “𝐷” site. 
In a few words,  𝛿𝑀𝑆𝑆 𝐷 is equivalent to the average value of temperature coefficients found 
for a detector plus a term based on the latitude effect. The first right term of Eq. (8) can be 
calculated through the data shown in Figure 9. Thus, using the corresponding 𝐿𝑎𝑡𝐷 (-29.44° for  
SMS, +35.15° for NGY and +29.37° for KWT),  we found that  𝛿𝑀𝑆𝑆 𝑆𝑀𝑆 = − 0.1981 − 0.4915 ∗
𝐾;  𝛿𝑀𝑆𝑆 𝑁𝐺𝑌 = − 0.2547 + 0.5757 ∗ 𝐾; and  𝛿
𝑀𝑆𝑆 𝐾𝑊𝑇 = − 0.2339 + 0.4904 ∗ 𝐾. Using 
these three expressions in equation (7), we found 𝐾 is 0.0488. 
Finally, as shown in Figure 13, we see that the points of SMS (green squares), KWT (brown circles) 
and NGY (red triangles) present a small scatter about the fitted line after applying the latitude-
based adjustment. Moreover, when also applying this adjustment for HBT data (using the 𝐾 
value shown above and considering that 𝐿𝑎𝑡𝐻𝐵𝑇 is -43.00°), we see a good alignment of all points 
along the black curve, which is obtained through a linear regression between  𝛼𝑀𝑆𝑆 + 𝐾 ∗
𝑠𝑖𝑛(𝐿𝑎𝑡𝐷) and 𝑙𝑛[ 𝑅𝐶 ∗ 𝑐𝑜𝑠(𝑍)]. The Pearson correlation coefficient found in this case is as 
high as 0.952. In this way, we can conclude that our hypothetical latitude effect reproduces the 
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observed data very well. In other words, we can say that the  𝛼𝑀𝑆𝑆  obtained through GMDN 
data analysis can be directly associated with the observation site latitude.  
Thus, we need to consider that the temperature effect on secondary muons has a dependence 
on latitude, which is hitherto unknown. Another possibility is the existence of an external 
influence acting together that related to the temperature effect and introducing an additional 
seasonal variation in the muon count rates enhancing or reducing the seasonal variation 
associated with the temperature effect in the both hemispheres. In this way, we would observe 
a dependence on latitude when analyzing the temperature effect without considering this 
effect. Further analysis of this and other hypotheses about the origin of the latitude effect found 
in this study will be undertaken in future work. 
4 - Summary 
Cosmic rays are high-energy charged particles hitting the Earth's atmosphere with a quasi-
isotropic flux that is modulated by solar and interplanetary phenomena and can be used as a 
space weather forecast and monitoring tool. After being deflected by the geomagnetic field, 
they interact with atmospheric nuclei generating secondary cosmic ray particles such as muons 
and neutrons. Both present temporal variations related to atmospheric pressure change and, 
for muons, to atmospheric temperature profile alterations. 
The pressure effect is observed as an anticorrelation between cosmic ray intensity and ground-
level atmospheric pressure variations. This can be simply explained as a result of the increasing 
absorption in the atmosphere due to the increasing mass of the atmospheric above the detector. 
Besides this absorption effect, muon generation and decay in the atmosphere are also 
responsive to variations related to atmospheric pressure (Sagisaka, 1986; Dorman, 2004).  
Figure 13 - Correlation between the average mass weighted temperature coefficient ( 𝛼𝑀𝑆𝑆 ) added to a parameter 
based on latitude of the observation site (𝐿𝑎𝑡𝐷) and the average geomagnetic cutoff rigidity ( 𝑅𝐶 ) multiplied by 
cosine of the zenith angle (𝑍) found for each GMDN directional channel. The vertical and horizontal bars along with 
each point represent the uncertainties associated with  𝛼𝑀𝑆𝑆  and  𝑅𝐶 , which are not considered in the black line 
calculation. Only  𝛼𝑀𝑆𝑆  points that have errors lower than 0.015%/K are shown. The values used to produce this 
figure are available in the Supporting Information tables. 
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The temperature effect on muon intensity observed at ground-level is observed as a seasonal 
variation in an apparent anti-correlation with the temperature measured at ground. The main 
origin of this effect is the longer path that muons must travel before reaching the ground in the 
expanded atmosphere during the summer, resulting in increased likelihood of muon decay. 
Besides this temperature influence on muon decay, a relation with muon production is expected 
manly when analyzing data from muon detector with high-energy threshold (Dorman, 2004).  
Many works have analyzed both atmospherics effects on muon detector data in assorted ways. 
Regardless of the method chosen, in general, these effects are associated with production, 
absorption and decay processes of secondary cosmic rays in the atmosphere. We can consider 
that higher energy primary particles will generate higher energy secondary particles that will be 
less affected by pressure and temperature effects. Thus, we can analyze their relation with 
energy by comparing how they change according to the primary particle’s geomagnetic cutoff 
rigidity (𝑅𝐶). Past studies found that the pressure effect becomes weaker as this parameter 
increases when analyzing neutron monitor data. As far as we know, there are no published 
analyses of pressure and temperature effect in relation to cutoff rigidity using data from ground-
level muon detectors.  
In this work, we analyzed the pressure and temperature effects on muon intensity observed at 
ground-level in different directions and how both are related to the value of 𝑅𝐶  associated with 
each field of view orientation. To do that, we used the Global Muon Detector Network (GMDN) 
and Global Data Assimilation System (GDAS) data from January 2007 to December 2016. The 
latter provides the atmospheric temperature vertical profiles that are compiled in a single value, 
taking into account the air mass of each measurement level using the Mass Weighted Method. 
The former provides ground atmospheric pressure measurements and muon intensity at 
different incidence directions through detectors located in Hobart (HBT), Australia, Kuwait City 
(KWT) Kuwait, Nagoya (NGY), Japan and Sao Martinho da Serra (SMS), Brazil. In total, HBT, SMS, 
NGY and KWT ground-level muon detectors observe the cosmic ray intensity in 49, 119, 121 and 
529 different directions, respectively. In this work, we analyzed data from KWT by grouping 3x3 
neighboring channels to decrease their count rate error. Therefore, its 529 channels reduce to 
49. Moreover, for all detectors, we only used directional channels whose count rate error was 
less than 1% as at December 31, 2008.  
We calculated the average 𝑅𝐶  for each GMDN directional channel used in this work through 
annual values obtained by using the Smart et al. (2000) model considering DGRF (Definitive 
Geomagnetic Reference Field) and IGRF-12 (International Geomagnetic Reference Field) 
coefficients corresponding to the period analyzed in this work. Due to the location of the HBT 
detector, the values found for it are about 10 GV lower than those obtained for other detectors. 
Moreover, it is possible to notice a clear east-west asymmetry in the geomagnetic cutoff rigidity 
found for all GMDN detectors that is associated with the well-known East-West geomagnetic 
effect on cosmic rays.  
Using ground-level atmospheric pressure variation (∆𝑃) and data from each directional channel, 
we obtained monthly values of barometric coefficient (𝛽). Considering only periods where the 
correlation coefficient between GMDN vertical channels intensity variation and ∆𝑃 are higher 
than 0.7, we calculated average values of 𝛽 for each GMDN directional channel. Similar to what 
we observed for the cutoff rigidity analysis, we clearly noticed: (I) an east-west difference 
(channels looking to west are more influenced by pressure changes than those pointing to east) 
mainly in HBT, NGY and SMS data; and (II) that HBT detector data are much more influenced by 
the barometric effect when compared to other detectors. Moreover, we also found, mainly in 
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HBT, an appreciable variation of 𝛽 according to the inclination (zenith angle) of each directional 
channel field of view. The higher the zenith angle, the higher the pressure coefficient magnitude, 
i.e., the higher the barometric effect.  
Comparing average values of barometric coefficient and cutoff rigidity associated with each 
directional channel, we found a good natural logarithmic relation with a correlation coefficient 
of 0.960. Despite this good correlation found using all data, we noticed that HBT data set does 
not present a good correlation with the cutoff rigidity when analyzed alone. This situation is 
greatly improved by including a factor based on the zenith angle associated with each directional 
channel. After that, the correlation coefficient found using all data changes to 0.994. As a result, 
we can say that the barometric coefficient (𝛽) relation with primary particle geomagnetic cutoff 
rigidity (𝑅𝐶) and zenith angle (𝑍) values observed by GMDN data analysis can be summarized by 
the following expression:  
𝛽(𝑅𝐶 , 𝑍) = − 0.173 + 0.0187 ∗ 𝑙𝑛 [
𝑅𝐶
𝑐𝑜𝑠(𝑍)
] (9) 
where 𝛽 is given in %/hPa, 𝑅𝐶  in GV and 𝑍 in degrees.  
This expression, as well as the results found in this work, indicates that the pressure effect on 
secondary muons increases as primary particles geomagnetic cutoff rigidity reduces. 
Furthermore, for a fixed value of 𝑅𝐶, we can say that the barometric effect tends to decrease (𝛽 
tends to zero) as the zenith angle increases (as the field of view directs toward the horizon).  
In order to analyze the temperature effect, we calculated the mass weighted temperature 
coefficients (𝛼𝑀𝑆𝑆) for each GMDN directional channel. This parameter is calculated by 
comparing pressure corrected muon intensity recorded in each channel with atmospheric 
temperature data. First, we obtained yearly values of mass weighted temperature coefficient. 
Later, we computed mean values using only years with a significant (> 0.7) correlation coefficient 
between vertical channel muon intensity corrected by pressure and 𝛼𝑀𝑆𝑆 deviation. By 
analyzing these average values, we found a detector-dependent difference. The magnitude of 
coefficients found for HBT and NGY detectors are higher than those obtained using KWT data 
that, in turn, are higher when compared to SMS. By analyzing data associated with each detector 
individually, we noticed: (I) an east-west asymmetry for all detectors and (II) a variation 
according to the directional channel field of view zenith angle mainly in HBT data. Then, as in 
the pressure effect case, we found that the temperature effect tends to be weaker on channels 
looking to east than those looking to west. However, different from the pressure case, the 
temperature effect seems to be stronger for more inclined channels than for those pointing 
vertically.  
Comparing average values of mass weighted temperature coefficient (𝛼𝑀𝑆𝑆) and primary 
particles geomagnetic cutoff rigidity (𝑅𝐶) associated with each directional channel, we could not 
find a common relation for all GMDN together. However, we could see some correlation 
between 𝛼𝑀𝑆𝑆 and 𝑅𝐶  when analyzing detectors individually. A good linear relation between 
both can be observed in SMS, KWT and NGY data. However, while their slopes are quite similar, 
their y-intercept values are different. In other words, the change of 𝛼𝑀𝑆𝑆 as 𝑅𝐶  varies has the 
same slope in these three detectors, but an unknown factor adds a different y-intercept value 
for each detector. By analyzing HBT data, we noticed that the correlation increases significantly 
when including a dependency with zenith angle (𝑍), similarly to what happens in the pressure 
effect analysis. However, we needed to consider a proportional relation with the zenith angle 
cosine. Moreover, we found that 𝛼𝑀𝑆𝑆 and 𝑅𝐶𝑐𝑜𝑠(𝑍) obtained for HBT detector’s directional 
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channels can be well correlated by a natural logarithmic relation. Considering this, we see that 
HBT and SMS can be well described by a single correlation curve. Because these two detectors 
(HBT and SMS) are in the southern hemisphere and SMS agrees with northern detectors (KWT 
and NGY) except for y-intercept values, we assumed a local influence related to the sine of the 
geographic latitude of each detector’s site. Analyzing SMS, KWT and NGY data, we found a 
proportionality constant that along with the latitude sine dependence joins the sparse data of 
these three detectors (reduces the differences in their y-intercept). Finally, after applying this 
latitude adjustment, we found a single relation for the all detectors together that presents a 
very good correlation coefficient (of 0.952). In this way, we can say that, based on our 
experimental analysis of muon intensity observed by the GMDN, the mass weighted 
temperature coefficient (𝛼𝑀𝑆𝑆) given in %/K can be related to the primary particle geomagnetic 
cutoff rigidity (𝑅𝐶), in GV, the zenith angle (𝑍), in degrees, and the geographical latitude of the 
observation site (𝐿𝑎𝑡𝐷), in degrees, as follows: 
𝛼𝑀𝑆𝑆(𝑅𝐶 , 𝑍, 𝐿𝑎𝑡𝐷) = − 0.304 + 0.0389 ∗ 𝑙𝑛[𝑅𝐶 ∗ 𝑐𝑜𝑠(𝑍)] − 0.0488 ∗ 𝑠𝑖𝑛(𝐿𝑎𝑡𝐷). (10) 
Thus, from the results found in this study and summarized by this expression, we can say that 
the temperature effect on ground muon detectors measured by the absolute value of 𝛼𝑀𝑆𝑆 
slowly decreases as 𝑅𝐶  increases. In addition, for a fixed value of 𝑅𝐶, we can say that the 
temperature effect tends to increase (𝛼𝑀𝑆𝑆 becomes more negative) as a directional channel 
field of view deviates from the vertical (zenith angle increase). Furthermore, we can say that the 
temperature effect presents an unexpected relation to the latitude of the detector site in a way 
that it increases when moving from South to North.   
5 - Final Remarks 
In this study, we observed correlations between atmospheric effects (pressure and 
temperature) and the natural logarithm of the primary particles’ geomagnetic cutoff rigidity 
associated with each GMDN directional channel. Both correlations are improved after also 
considering a relation with the secant (pressure) or cosine (temperature) of zenith angle 
associated with each channel’s field of view. Finally, in the temperature effect analysis, we only 
found a single relation for all GMDN detectors together when considering also a relation with 
the sine of the geographic latitude of each detector. 
In general, on many theoretical formulations of atmospheric coefficients, only the muon energy 
threshold and the zenith angle associated with each observational direction are considered 
(Maeda, 1960; Sagisaka, 1986; Dorman, 2004; Dmitrieva et al., 2011). In our case, all GMDN 
detectors have the same vertical muon energy threshold of about 0.3-0.4 GeV, so we do not 
expect differences between atmospheric coefficients across the detectors due to this 
parameter. Concerning the zenith angle, it is important to note that theoretical relations of 
atmospheric coefficients with this parameter are much more complex than the experimental 
expressions found in this work. However, theory predicts that pressure coefficients tend to zero 
with zenith angle increase, see Figure 5.1.1-A of Dorman (2004) for instance. In the temperature 
case, the theoretical coefficients tend to be more negative as the zenith angle increases, see 
Figures 8-9 and 11-12 of Dmitrieva et al. (2011). In our experimental atmospheric coefficient 
analysis, we notice a similar behavior in both cases. However, we need to wait for further studies 
to understand how the simple relations found in this work relate to the complex zenith angle 
dependences predicted by existing theories.  
Several latitude survey experiments show that the observed muon intensity presents a strong 
variation related to 𝑅𝐶  for values higher than 4 GV (see Dorman (2009) and references therein). 
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However, theoretically the hard-muon sea level intensity can be strongly affected by the 
geomagnetic field from 𝑅𝐶  about 1 GV depending on the phase factor and energy loss 
coefficients chosen. In addition, Allkofer et al. (1975), Kremer et al. (1999), Grieder (2001) and 
Cecchini & Spurio (2012) and references therein pointed out that the geomagnetic effect is very 
important even for low-energy muons at sea level. They found differences in the spectra, 
differential and integral intensity of low energy muons even when comparing data at lower 
cutoff rigidity (0.5-1 GV) regions.  
Although there is no direct theoretical relation between the temperature effect and the primary 
particles’ geomagnetic cutoff rigidity, Maeda (1960) theoretically analyzed how the 
geomagnetic deflection of secondary muons influences the temperature effect on their intensity    
observed at ground. Maeda (1960) predicted that the temperature effect on muon detectors 
with low energy threshold would be stronger in the west direction than in the east due to the 
differences between energy spectra of positive and negative muons at ground. In our analysis 
we found a similar result: the temperature coefficients associated with western directional 
channels are more negative (deviating from zero) than those associated with eastern channels. 
Considering the GMDN detector characteristics, we assume that these detectors have a low 
muon energy threshold. In this way, the relations of atmospheric coefficients with cutoff rigidity 
and zenith angle found in this work can be related to a direct geomagnetic influence on 
secondary muons. Thus, the primary particle particles' cutoff rigidity can be acting as a proxy of 
the geomagnetic deflection of secondary muons. This hypothesis will be studied in detail in 
future works.  
It is also important to say that the relation between temperature coefficients and the latitude 
of the observation site found in this analysis does not appear in the theoretical studies done by 
Maeda, (1960), Sagisaka (1986), Dorman (2004) and Dmitrieva et al. (2011). However, 
Mendonça et al. (2016a) have already shown that the theory by Sagisaka (1986) overestimated 
temperature effect for HBT and SMS (southern hemisphere) detectors. The seasonal variation 
observed in the vertical directional channel of these detectors has a significantly smaller 
amplitude than that expected by Sagisaka (1986). On the other hand, the theoretical and 
observed seasonal variation in NGY and KWT (northern hemisphere) detectors are similar. 
Lastly, it is relevant to mention that this latitudinal relation may not be directly related to the 
temperature effect. It is possible that it is a consequence of an unknown or disregarded external 
influences acting together with the temperature effect. Thus, the origin of this relation with 
latitude needs to be studied in future work.  
The main evidence for the atmospheric coefficients logarithmic relation with the geomagnetic 
cutoff rigidity and zenith angle comes from HBT data. The larger negative coefficients found for 
this detector, when compared to the others, evidence the logarithmic relation with cutoff 
rigidity. Similarly, the atmospheric coefficients variation with zenith angle are also more visible 
in HBT data. The logarithmic relation with the cutoff rigidity and zenith angle are also present in 
other GMDN detectors data analyzed in this work. However, it would be difficult to notice them 
if we disregard HBT data. Moreover, this logarithmic relation could be considered as 
counterintuitive, because muon detectors have only very small responses to low rigidity 
primaries around Rc such as those covered by HBT detector. Thus, it is important, for further 
studies, to have more data from GMDN-like muon detectors with geomagnetic cutoff rigidity 
range similar to HBT to better analyze this logarithmic relation.  
In this work, we analyzed how the temperature effects can be related to cutoff rigidity and zenith 
angle associated with GMDN directional channels. In this way, we analyzed how these 
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coefficients change in specific ranges: between 2-20 GV in the former and 0-62 degrees in the 
latter. Therefore, results obtained in this work cannot be applied in different ranges of cutoff 
rigidity and zenith angles without analyzing data measured at these ranges. Moreover, even 
when analyzing data observed by new detectors in the same ranges, it is necessary to take into 
account how the setup of these detectors is different from the GMDN ones. As discussed above, 
the GMDN detectors are designed to have a similar value of muon energy threshold. Since the 
atmospheric effects depend on this parameter, the results found in this work cannot be directly 
applied on muon detectors data with different muon energy threshold.  
Finally, it is important to mention that the objective of this observational manuscript is to show 
the relation of atmospheric coefficients with geomagnetic cutoff rigidity and zenith angle found 
using the GMDN data. Due to the complexity of the atmospheric effects on secondary cosmic 
rays, we believe that it cannot help to be very speculative to discuss possible physical 
mechanisms responsible for the relations observed in this work without waiting for proposed 
further analysis.  
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